Obesity and insulin resistance in skeletal muscle are two major factors in the pathogenesis of type 2 diabetes. Mice with muscle-specific inactivation of the insulin receptor gene (MIRKO) are normoglycemic but have increased fat mass. To identify the potential mechanism for this important association, we examined insulin action in specific tissues of MIRKO and control mice under hyperinsulinemic-euglycemic conditions. We found that insulin-stimulated muscle glucose transport and glycogen synthesis were decreased by about 80% in MIRKO mice, whereas insulin-stimulated fat glucose transport was increased threefold in MIRKO mice. These data demonstrate that selective insulin resistance in muscle promotes redistribution of substrates to adipose tissue thereby contributing to increased adiposity and development of the prediabetic syndrome.
Introduction
New Jersey, USA) at a rate of 15 pmol/kg/min to raise plasma insulin within a physiological range. Blood samples (20 µL) were collected at 20-to 30-minute intervals for the immediate measurement of plasma glucose concentration, and 20% glucose was infused at variable rates to maintain plasma glucose at basal concentrations. Insulin-stimulated whole-body glucose flux was estimated using a prime-continuous infusion of HPLCpurified [3- Additional blood samples (10 µL) were collected before the start and at the end of clamps for measurement of plasma insulin concentrations. All infusions were done using microdialysis pumps (CMA/Microdialysis, Acton, Massachusetts, USA). At the end of clamps, animals were anesthetized with sodium pentobarbital injection. Within 5 minutes, four muscles (soleus, gastrocnemius, tibialis anterior, and quadriceps) from both hindlimbs, epididymal adipose tissue, and liver were taken. Each tissue, once exposed, was dissected out within 2 seconds, frozen immediately using liquid N 2 -cooled aluminum blocks, and stored at -70°C for later analysis.
In vivo glucose flux analysis. Plasma glucose concentration during clamps was analyzed using 10 µL plasma by a glucose oxidase method on a Beckman glucose analyzer II (Beckman Instruments Inc., Fullerton, California, USA). Plasma insulin concentration was measured by RIA using kits from Linco Research Inc. (St. Charles, Missouri, USA). For the determination of plasma [3-3 H]glucose and 2-[ 14 C]DG concentrations, plasma was deproteinized with ZnSO 4 and Ba(OH) 2 , dried to remove 3 H 2 O, resuspended in water, and counted in scintillation fluid (Ultima Gold; Packard, Meridien, Connecticut, USA) on dual channels for separation of 3 H and 14 C. The plasma concentration of 3 H 2 O was determined by the difference between 3 H counts without and with drying. For the determination of tissue 2-[ 14 C]DG-6-phosphate (2-DG-6-P) content, tissue samples were homogenized, and the supernatants were subjected to an ion-exchange column to separate 2-DG-6-P from 2-DG, as described previously (10). The radioactivity of 3 H in muscle glycogen was determined by digesting muscle samples in KOH and precipitating glycogen with ethanol as described previously (11) . Skeletal muscle glycogen synthase activity was measured using 14 C-UDPG.
Glucose transport and triglyceride synthesis in isolated adipocytes. Adipose cells were isolated from epididymal fat pads of additional control (n = 4 determinations) and MIRKO (n = 5 determinations) mice by collagenase digestion. For each determination, cells were pooled from three mice, making a total of 12 controls and 14 MIRKO mice. Cells were incubated in the absence (basal) or presence of varying concentrations of insulin, and the rates of in vitro glucose transport, glucose converted into triglyceride (i.e., triglyceride synthesis), lactate, and CO 2 (i.e., glucose oxidation) were determined as described previously (12) . The rates of in vitro glucose transport were measured using 3 µM glucose, and glucose metabolic flux in isolated adipocytes were measured using 5 mM glucose.
Calculations. Rates of whole-body glucose appearance and uptake were determined as the ratio of the [ 3 H]glucose infusion rate (disintegrations per minute/minute [dpm/min]) to the specific activity of plasma glucose (dpm/µmol) during the final 30 minutes of clamps. Hepatic glucose production during the hyperinsulinemic-euglycemic clamps was determined by subtracting the glucose infusion rate from the whole-body glucose appearance. Whole-body glycolysis was calculated from the rate of increase in plasma 3 H 2 O concentration, determined by linear regression of the measurements at 80, 90, 100, 110, and 120 minutes. Whole-body glycogen and lipid synthesis were estimated by subtracting wholebody glycolysis from whole-body glucose uptake, assuming that glycolysis and glycogen/lipid synthesis account for the majority of insulin-stimulated glucose uptake (13) . Glucose transport activity in individual tissues was calculated from plasma 2-[ 14 C]DG profile, which was fitted with a double exponential curve using MLAB (Civilized Software, Bethesda, Maryland, USA) and tissue 2-DG-6-P content as described previously (14) . Skeletal muscle glycogen synthesis was calculated from 3 H incorporation to muscle glycogen as described previously (14) . Skeletal muscle glycolysis was then estimated as the difference between muscle glucose transport and muscle glycogen synthesis. Statistical analysis. Data are expressed as means ± SE. The significance of the difference in mean values between the control versus MIRKO group was evaluated using the unpaired t test.
Results
The metabolic consequences of altering muscle insulin receptor content in MIRKO mice were examined during a 2-hour hyperinsulinemic-euglycemic clamp in awake MIRKO and control mice. Basal plasma insulin concentrations were increased by approximately 50% in the MIRKO mice compared with the controls (P < 0.05) ( Table 1) . During the clamps, plasma insulin concentrations were raised to approximately 700 pM, and plasma glucose was clamped at approximately 6.2 mM in both groups ( Table 1 ). The rate of glucose infusion needed to maintain euglycemia increased rapidly in the control group and reached a steady state within 90 minutes. In contrast, there was a very blunted increase in glucose infusion rate in response to insulin in the MIRKO mice, resulting in a significant decrease in steady-state glucose infusion rate in the MIRKO mice ( Figure 1a) .
Insulin-stimulated whole-body glucose flux. Insulin-stimulated whole-body glucose uptake was decreased by 45% in the MIRKO mice (146 ± 12 vs. 265 ± 6 µmol/kg/min in controls; P < 0.005) (Figure 2a ).
Insulin-stimulated whole-body glycolysis was decreased by 25% in the MIRKO mice (135 ± 11 vs. 178 ± 9 µmol/kg/min in controls; P < 0.005), but the most profound change was an 87% decrease in insulin-stimulated whole-body glycogen/lipid synthesis in the MIRKO mice (11 ± 4 vs. 87 ± 8 µmol/kg/min in controls; P < 0.005) (Figure 2a ). In contrast, insulin's ability to suppress hepatic glucose production (HGP) during clamps was not altered in the MIRKO mice (Figure 1b) . Thus, these data indicate that reduced glucose requirement during the clamps was predominantly due to decreases in peripheral insulin action in the MIRKO mice.
Insulin-stimulated glucose transport activity in vivo in muscle and fat. Rates of insulin-stimulated glucose transport activity in individual tissues in vivo were estimated using 2-deoxy-D-[1-14 C]glucose injection during hyperinsulinemic-euglycemic clamps in awake mice. Because 2-deoxyglucose is a glucose analog that is phosphorylated but not metabolized, insulin-stimulated glucose transport activity in individual tissues can be estimated by determining the tissue content of 2-deoxyglucose-6-phosphate. Insulin-stimulated glucose transport activity in skeletal muscle (gastrocnemius) was decreased by 74% in the MIRKO mice (57 ± 11 vs. 219 ± 23 nmol/g/min in controls; P < 0.005) (Figure 2b ). Although this decrease was similar to the pattern of changes observed in whole-body glucose uptake (Figure 2a) , the decrease in insulin-stimulated muscle glucose transport was more profound than that in whole-body glucose uptake. Insulin-stimulated rates of glycolysis and glycogen synthesis in skele- tal muscle were decreased by 73% and 88% (both P < 0.005), respectively, in the MIRKO mice (Figure 2b ). In contrast, insulin-stimulated glucose transport activity in epididymal white adipose tissue was significantly increased threefold in the MIRKO mice (26 ± 4 vs. 9 ± 1 nmol/g/min in controls; P < 0.005) ( Figure  3a) . These findings indicate that decreases in insulinstimulated muscle glucose transport were partly compensated for by increases in insulin-stimulated glucose transport activity in adipose tissue. Total GLUT4 content in skeletal muscle (quadriceps) was not altered in the MIRKO mice compared with the control mice. Similarly, total GLUT4 and GLUT1 contents in epididymal white adipose tissue were not altered in the MIRKO mice.
Glycogen synthase activity in skeletal muscle. Insulinstimulated activation of glycogen synthase was significantly decreased by 43% in the MIRKO mice (23 ± 5 vs. 40 ± 6% activation in controls; P < 0.05). The decrease in insulin-stimulated muscle glycogen synthesis in the MIRKO mice could largely be attributed to reduced insulin-stimulated activation of muscle glycogen synthase.
In vitro glucose transport and triglyceride synthesis in isolated adipocytes. Rates of basal and insulin-stimulated glucose transport in isolated adipocytes were not altered in the MIRKO mice compared with the control mice (Figure 3b ). Furthermore, rates of basal and insulin-stimulated conversion of glucose into lactate or triglyceride (i.e., triglyceride synthesis) in isolated adipocytes were not altered in the MIRKO mice compared with the control mice ( Figure 4 , a and b). However, rates of basal and insulin-stimulated conversion of glucose into CO 2 (i.e., glucose oxidation) were decreased in the MIRKO mice (P < 0.05 for both) (Figure 4c) .
Changes in whole-body composition. Plasma triglyceride and FFA concentrations were elevated by 43% (165 ± 14 vs. 116 ± 13 mg/dL in controls; P < 0.05) and 16% (1.59 ± 0.06 vs. 1.38 ± 0.06 mM in controls; P < 0.05), respectively, in the MIRKO mice. Mass of quadriceps/gastrocnemius, soleus, extensor digitorum longus, and heart muscles were decreased by 13%, 27%, 15%, and 28%, respectively, in the MIRKO mice (P < 0.05 for all of the muscles) ( Table 2 ). In contrast, whole-body fat pad mass was increased by 38% in the MIRKO mice (P < 0.01) ( Table 2) . (8) . The phosphorylation of IRS-1 and subsequent activation of phosphatidylinositol 3-kinase (PI 3-kinase) have been associated with insulin's action to stimulate glucose transport in muscle. Immediately after insulin injection in mice, there are 10-to 20-fold increase in activation of PI 3-kinase (17) and increased translocation of glucose transporters (i.e., GLUT4) from an intracellular pool to the plasma membrane (18) . In the present study, transgenic mice with muscle-specific inactivation of insulin receptor gene exhibited a significant decrease in in vivo insulin-stimulated glucose transport activity in skeletal muscle. These results further support the important role of insulin receptor and phosphorylation of insulin signaling substrates (e.g., IRS-1 and IRS-2) in insulin's effect on glucose transport in muscle (19, 20) . Overall, decreases in insulin-stimulated phosphorylation of IRS-1 and activation of IRS-1 associated PI 3-kinase, both resulting from reduced muscle insulin receptor content, are presumably responsible for reduced insulin-stimulated skeletal muscle glucose transport activity in the MIRKO mice. In addition to altered glucose transport activity, insulinstimulated glucose metabolic flux (i.e., glycolysis and glycogen synthesis) in skeletal muscle were similarly reduced in the MIRKO mice. Glucose transport is considered to be rate-controlling for glucose utilization in skeletal muscles (21) (22) (23) (24) , and decreases in insulin-stimulated muscle glucose transport activity may account for the parallel decreases in glycolysis and glycogen synthesis in the MIRKO mice. However, it is interesting to note that the decrease in insulin-stimulated muscle glycogen synthesis was more severe than the decrease in muscle glucose transport activity. This may be accounted for by additional defects in insulin's activation of glycogen synthase activity as observed in the MIRKO mice. Despite the severe decrease in insulin-stimulated glucose transport activity in skeletal muscles, it was surprising to find a relatively mild whole-body insulin resistant state in the MIRKO mice. Furthermore, despite markedly reduced insulin-stimulated muscle glucose transport, the MIRKO mice had normal fasting and postprandial glucose concentrations (8) . These findings suggest the existence of compensatory mechanism(s) in the MIRKO mice, which counter the severe defects in insulin-stimulated muscle glucose disposal. It has been speculated that increases in IGF-1 receptors might compensate for the lack of insulin receptors in the MIRKO mice; however, there was neither a difference in the expression of IGF-1 receptor nor detectable insulin-stimulated IGF-1 receptor tyrosine phosphorylation in skeletal muscle of MIRKO and control (i.e., IR lox/lox and wild-type) mice (8) . In the present study, we examined insulin action in white adipose tissue and found that white adipose tissue, in the presence of decreased muscle insulin receptor content, partly compensates for reduced muscle glucose transport activity by increasing glucose transport into white adipose tissue. In other words, in the presence of markedly reduced insulin action in skeletal muscle, glucose was partly shunted to the white adipose tissue. This compensatory increase in glucose transport in white adipose tissue and possibly other insulin-sensitive organs (e.g., brown adipose tissue, liver) may explain the relatively mild whole-body insulin resistance despite a significant decrease in insulin-stimulated muscle glucose transport in the MIRKO mice. In contrast to these in vivo findings, insulin-stimulated glucose transport and triglyceride synthesis in isolated adipocytes were not altered in the MIRKO mice. Thus, our observation of increased insulin-stimulated glucose transport in white adipose tissue and increased fat mass may involve in vivo specific factors.
We measured the total GLUT4 content in skeletal muscle (quadriceps) and GLUT4 and GLUT1 contents in epididymal adipose tissue and found that the total GLUT4 and GLUT1 contents were not altered in these tissues obtained from the MIRKO mice. This finding suggests that the defect in insulin-stimulated muscle glucose transport may be due to impaired insulin-stimulated translocation of GLUT4 from the intracellular pool to the plasma membrane in the MIRKO mice. Similarly, increased insulin-stimulated fat glucose transport may be due to increased translocation of GLUT4 from the intracellular pool to the plasma membrane in response to insulin in the MIRKO mice. In various metabolic states, changes in insulin-stimulated glucose transport activity have been more closely associated with a reduction in insulin-stimulated GLUT4 translocation than to alteration in total GLUT4 content (25) (26) (27) . Despite a significant decrease in insulin-stimulated muscle glucose transport in obese and type 2 diabetes subjects (25, 26), Pedersen et al. (27) failed to demonstrate alterations in the total level of GLUT4 in the vastus lateralis muscle of type 2 diabetes subjects.
The divergent regulation of in vivo glucose transport by skeletal muscle and adipose tissue has been previously observed in various metabolic states. Cusin et al. (28, 29) have shown that chronic hyperinsulinemia decreased insulin-stimulated muscle glucose transport, whereas it increased levels of GLUT4 and insulin-stimulated glucose transport in adipose tissue in rats. Cusin et al. have speculated that hyperinsulinemia might account for increased insulin-stimulated adipose tissue glucose transport (29) , and it is possible that the mild degree of hyperinsulinemia observed in the MIRKO mice contributed to the upregulation of insulin action on GLUT4 translocation in adipose tissue by this mechanism. It is also possible that either a substrate or humoral factor(s) released by skeletal muscle leads to some upregulation of adipose tissue in response to insulin at some sites between the insulin receptor and GLUT4 protein.
In summary, selective inactivation of muscle insulin receptor gene resulted in decreased insulin-stimulated glucose transport into skeletal muscle that was partly compensated for by increases in adipose tissue glucose transport activity. These findings demonstrate that selective insulin resistance in muscle promotes redistribution of substrates to adipose tissue, thereby contributing to increased adiposity and development of the prediabetic syndrome.
